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Abstract 
In this study we generated a novel dual specific phosphatase 4 (DUSP4) deletion mouse using a 
targeted deletion strategy in order to examine the role of MAP kinase phosphatase-2 (MKP-2) in 
immune responses.  Lipopolysaccharide (LPS) induced a rapid, time and concentration-
dependent increase in MKP-2 protein expression in bone marrow-derived macrophages from 
MKP-2+/+ but not from MKP-2-/- mice. LPS-induced JNK and p38 MAP kinase phosphorylation 
was significantly increased and prolonged in MKP-2-/- macrophages whilst ERK phosphorylation 
was unaffected.  MKP-2 deletion also potentiated LPS-stimulated induction of the inflammatory 
cytokines, IL-6, IL-12p40, TNF-α and also COX-2 derived PGE2 production.   However 
surprisingly, in MKP-2-/- macrophages, there was a marked reduction in LPS or IFN-γ -induced 
iNOS and nitric oxide release and enhanced basal expression of arginase-1 suggesting that MKP-
2 may have an additional regulatory function significant in pathogen-mediated immunity.  
Indeed, following infection with the intracellular parasite Leishmania mexicana, MKP-2-/- mice 
displayed increased lesion size and parasite burden, and a significantly modified Th1/Th2 bias 
compared with wild-type counterparts.  However, there was no intrinsic defect in MKP-2-/- T cell 
function as measured by anti-CD3 induced IFN-γ production.  Rather, MKP-2-/- bone marrow-
derived macrophages were found to be inherently more susceptible to infection with Leishmania 
mexicana, an effect reversed following treatment with the arginase inhibitor nor-NOHA.  These 
findings show for the first time a role for MKP-2 in vivo and demonstrate that MKP-2 may be 
essential in orchestrating protection against intracellular infection at the level of the macrophage.   
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Author Summary 
In cells of the immune system are switch-on enzymes called kinases which regulate responses to 
infectious agents such as Leishmania.  However, in the same cells there are switch-off enzymes 
known as phosphatases which function to turn off the kinases once they have done their work.  A 
lot of studies have focussed on the role of kinases but not phosphatases in response to infection; 
we therefore generated a novel mouse in which the gene for one of these phosphatases, called 
MKP-2, has been deleted.   We found that in the absence of this phosphatase unexpected things 
happened.  The profile of inflammatory proteins, produced by a special cell of the immune 
system, called a macrophage, that functions to regulate infection by Leishmania, changed in 
ways which meant the macrophage could either fight infection very effectively or very weakly. 
In actual fact, we found that the macrophages with no MKP-2 fought off Leishmania poorly and 
mice deficient in MKP-2 had a modified immune response favouring the growth of the parasite.  
This is the first study to give a critical insight into the role of MKP-2 in fighting Leishmania 
infection and demonstrates very well the importance of this class of enzyme in pathogen biology. 
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Introduction 
The mitogen-activated protein (MAP) kinase phosphatases (MKPs) are a family of dual specific 
phosphatases which regulate the functional activity of the major MAP kinase subfamilies 
through tyrosine and threonine dephosphorylation [1].  At least eleven isoforms exist each with 
different structures, subcellular distributions, substrate specificity and mechanisms of regulation.  
For example, the prototypic MKP-1 is induced by a wide variety of extracellular signals, is 
strictly nuclear located, and is able to dephosphorylate all MAP kinases, whereas MKP-3 is 
constitutively expressed, cytosolic and selective for extracellular regulated kinase (ERK) above 
the other major MAP kinases, c-Jun N-terminal kinase (JNK) and p38 MAP kinase.  Thus, the 
action of one or more MKP is essential for the tight regulation of MAP kinase activity and 
subsequent functional responses mediated by a vast array of extracellular stimuli [1].  
A number of MKPs have been implicated in the regulation of disease.   Dysfunction 
or changes in expression of MKPs is a feature of a number of cancers [1], whilst roles in 
gluconeogenesis, insulin resistance and diabetes have also been established [2,3].  Recent 
evidence also implicates a role in the regulation of immune responses [4].  Deletion of MKP-1 
[5] and PAC-1 [6] have been shown to both enhance and reduce LPS mediated cellular responses 
respectively, whilst MKP-5 is thought to regulate adaptive immunity via effects upon T-cells [7].  
Furthermore, one of the main anti-inflammatory effects of dexamethasone is attributed to the 
induction of MKP-1 and the subsequent inhibition of p38 MAP kinase [8].   
MAP kinase phosphatase-2 (MKP-2) is a class I DUSP [9], induced by growth 
factors, hormones and stress agents such as hydrogen peroxide.  It is nuclear located due to two 
nuclear location sequences [10] and dephosphorylates ERK and JNK in vitro [11] whilst being 
ineffective for p38 MAP kinase despite binding strongly to this kinase [12].  Cellular studies 
suggest the potential of cell type specificity as stable or conditional over-expression of MKP-2 
selectively inhibits JNK in epithelial cells types [13,14]. Although often described as a surrogate 
to MKP-1, MKP-2 has been demonstrated to have roles in cellular apoptosis and senescence 
[13,15].  A number of recent indirect studies have also indirectly implicated MKP-2 in cancer 
[16]. However, the function of MKP-2 in the immune system remains uncharacterised due to the 
lack of suitable MKP-2 (DUSP-4) knockout mouse models. 
In this study we examined the function of the MKP-2 (DUSP4) gene using a novel 
MKP-2 knockout mouse.  In macrophages derived from MKP-2-/- mice, we find that its deletion 
results in enhanced JNK and p38 MAP kinase activation but not, as expected, increased ERK 
phosphorylation.  Increased IL-6, IL-12, TNF-α and PGE2 production suggested that MKP-2 
may modify the innate immune response in a manner similar to that observed in the MKP-1 
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deletion model.  However, in contrast to these changes we observed marked reduction in 
inducible nitric oxide (iNOS) expression and enhanced arginase-1 activation indicative of an 
additional regulatory function.  We found that that bone-marrow derived macrophages from 
MKP-2-/- mice were more susceptible to infection with the intracellular parasite Leishmania (L.) 
mexicana than macrophages from their wild-type counterparts. The enhanced susceptibility of 
MKP-2-/- macrophages was reversed using the arginase inhibitor nor-NOHA. Consequently 
following infection with L. mexicana MKP-2-/- mice had limited ability to control lesion 
development and parasite growth. This was related to a significant down-regulation of specific 
Th1 activity in MKP-2 deficient mice.  Taken together, our results demonstrate for the first time 
that MKP-2 plays a functional role in limiting immune responses associated with the 
macrophage lineage and indicates for the first time that MKP-2 is not a functionally redundant 
DUSP in vivo. 
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Results  
MKP-2 deletion in macrophages 
The MKP-2 deletion strategy is outlined in Figure 1A. Using targeted homologous 
recombination exons 2-4 were removed.  Therefore, most of the open reading frame including 
the phosphatase catalytic domain and the 3’UTR region of the DUSP4 gene was deleted.  
Although exon1, which comprises the 5’UTR, the start codon and the KIM domain, remained 
unchanged, the occurrence of a truncated protein was unlikely since the poly A tail necessary for 
any kind of protein synthesis was removed.   Deletion was confirmed by Southern Blotting 
(insert), which identified both the wild type 9.9kB fragment and the mutated 8.3kB fragment and 
by PCR (not shown).  In Panels B & C, bone marrow derived macrophages were assessed for the 
presence of MKP-2 protein by Western blotting.  In wild type cells, LPS stimulated MKP-2 
expression in a concentration-dependent manner, giving a maximum response at approximately 
1μg/ml LPS (Panel B). Induction was also time dependent, reaching a peak at 2 h following LPS 
treatment (Panel C).  No induction was observed in macrophages derived from MKP-2-/- mice.   
 
MKP-2 deletion enhances MAP kinase signalling   
We then examined the effect of MKP-2 deletion on LPS-induced kinase phosphorylation (Figure 
2) as MKP-2 has previously been shown to dephosphorylate ERK and JNK in vitro [11].  In 
MKP-2-/- macrophages, LPS-stimulated JNK phosphorylation was potentiated and prolonged 
(Panel A *p< 0.05).  Enhanced JNK activity was confirmed by JNK in vitro kinase assay and 
Western blotting for serine-63 phosphorylation of c-Jun (Supplementary Figure S1).  
Surprisingly, LPS-stimulated p38 MAP kinase phosphorylation (Panel B) was also found to be 
enhanced in MKP-2 -/- mice, despite p38 MAP kinase not being a recognised substrate for MKP-
2 in vitro [11].  In contrast, ERK activation was not altered in MKP-2-/- macrophages at any time 
point studied or over different concentration ranges (Panel C).  Preliminary results, however, 
showed a lack of ERK translocation to the nucleus (results not shown) suggesting a lack of 
access of ERK to the phosphatase rather than a lack of MKP-2 activity on ERK as the 
explanation for this finding. 
 
Cytokine induction modified in MKP-2 knockout macrophages 
Having established that enhanced kinase activation occurred in macrophages from MKP-2-/- 
mice, we also assessed the consequences of MKP-2 deletion on the expression and release of key 
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cytokines, known to be regulated by MAP kinase activation.  Figure 3 shows cytokine 
production in macrophages derived from both wild type and MKP-2-/- mice.   Panel A shows that 
LPS induced a substantial increase in IL-6 production manifest at 6-8 h and reaching a peak after 
24 h.   MKP-2 deletion had little effect upon basal levels, however, but markedly enhanced the 
rate and magnitude of production stimulated by LPS (24 h: MKP-2+/+ = 1.83 ± 0.01ng/ml, MKP-
2-/- = 4.44 ± 0.83 n=4, P<.005).  Similar results were observed for both IL-12, which was assayed 
as IL-12p40/70 (Panel B), and TNF-α (Panel C) although production reached a peak at 48 h and 
the degree of potentiation, whilst significant, was less than that for IL-6.  In contrast, LPS 
stimulated IL-10 production was markedly reduced in MKP-2 deficient macrophages (Panel D).  
 
Reciprocal effects upon iNOS and Arginase-1 following MKP-2 deletion 
We then assessed the expression of a number of inflammatory proteins following MKP-2 
deletion (Figure 4).  Panel A shows that in MKP-2-/- macrophages the rate of onset of cyclo-
oxygenase-2 (COX-2) expression was increased in response to LPS, relative to wild type 
controls, an outcome predicted by previous studies assessing MAP kinase regulation of COX-2 
expression and consistent with enhanced JNK and p38 MAP kinase activation. A difference in 
induction was observed as early as 2 and 4 h and was consistent with increased PGE2 production 
(Panel A and histogram D).  We also assayed inducible nitric oxide synthase (iNOS) expression 
following incubation with LPS for up to 24 h.  However, rather than being enhanced, iNOS 
expression was strongly inhibited relative to wild type controls and this was reflected in reduced 
formation of nitric oxide - derived nitrate and nitrite (Figure 4, Panel B and histogram E).  This 
strong inhibitory effect was reproduced when IFN-γ was used to induce iNOS instead of LPS 
(Supplementary Figure S2).   IFN-γ is known to regulate iNOS expression via the JAK/STAT 
pathway but no differences where found in the activation of these intermediates in MKP-2+/+ and 
MKP-2-/- macrophages (Supplementary Figure S2).  We also determined if other macrophage 
proteins were down regulated to a similar extent, specifically arginase-1, a protein stimulated 
through the alternative macrophage activation pathway and utilising the same substrate, L-
arginine, as iNOS (Panel C).   Basal arginase-1 expression and activity was considerably higher 
in MKP-2-/- macrophages, and equivalent to 24 h of IL-4 stimulation in MKP-2+/+ samples (Panel 
C and histogram F).  These results contrasted greatly with the expression of iNOS, which is 
indicative of classical macrophage activation and shows that the MKP-2-/- macrophages 
intrinsically have a unique profile of inflammatory protein expression. 
 
MKP-2 deficiency results in increased susceptibility to Leishmania mexicana infection 
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Changes in MAP kinase signalling and iNOS activity are implicated in the ability of mice to 
resist infection with Leishmania [17,18,19,20,21,22].  However, while the signalling and 
associated cytokine changes in MKP2-/- mice would favour increased protection, the unexpected 
changes in iNOS and arginase expression would favour disease progression. As L. mexicana 
induces an intermediate disease phenotype in C57BL/6 and B6/129 mice whereby lesion growth 
is controlled, but fails to heal [23], we used this pathogen to test the ultimate influence of MKP-2 
on disease outcome.   
  Initially, we tested the effect of Leishmania mexicana promastigotes on cellular MAP 
kinase signalling responses and iNOS induction (Figure 5) to confirm that both LPS, via TLR-4, 
and promastigotes mediate common kinase signalling cassettes and related functional end points.   
We initially found that in wild type macrophages, promastigotes activated ERK, JNK and p38 
MAP kinase (Panel A).   However, in TLR-4 deficient macrophages, both ERK and JNK 
phosphorylation were abolished in response to promastigotes, with a substantial reduction in p38 
MAP kinase. In TLR-4-/- macrophages the LPS-induced responses were also reduced, but this not 
by as much as the reduction seen in promastigote-induced responses.  This is probably because 
our commercial source of LPS may have been contaminated with bacterial lipoproteins resulting 
in some activation of TLR-2.  Nevertheless, these data suggest that both agents act principally 
through TLR-4. MKP-2 deletion had little effect upon the ERK response (Panel B) or p38 MAP 
kinase signalling (not shown) in response to promastigotes and JNK phosphorylation was only 
marginally increased although not significantly (Panel C).  Despite activation of these kinases, 
promastigotes alone failed to significantly induce MKP-2 protein (data not shown) and had no 
effect upon iNOS synthesis alone or in response to LPS (Panel D). Furthermore, promastigotes 
did not significantly increase the already high levels of arginase-1 activity in MKP-2-/- 
macrophages (arginase activity, µg/ml: MKP-2+/+ control = 125.4 ± 14.3, L. mexicana = 101.1 ± 
13.0; MKP-2-/- control = 345.8 ± 17.10, L. mexicana = 392 ± 23.5 n=3).   
Nevertheless, despite promastigotes being unable to modify MKP-2 expression per 
se, we found that MKP-2 deletion had a significant effect in vivo following Leishmania 
mexicana infection.  Upon injection into the footpad with L. mexicana, MKP-2-/- mice developed 
progressively growing lesions and could not limit lesion growth unlike their wild-type 
counterparts (Figure 6A). Lesions grew more rapidly in MKP-2+/+ mice compared with MKP-2-/- 
mice in the first 4 weeks of infection but the parasite burdens remained higher at this site in 
MKP-2-/- mice than their wild-type counterparts throughout infection  (Figure 6B).  At week 15, 
the Th1 response, as measured by antigen specific IgG2a and IFN-γ production (Figures 7A and 
B), was significantly reduced in MKP-2-/- compared with MKP-2+/+ mice confirming that the 
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MKP-2-/-  mice were defective in their ability to control parasite growth. No differences in the 
Th2 response were noted with specific IgG1 (Figure 7A) and whole IgE as well as IL-4, IL-13, 
and IL-10 production (data not shown), all being similar in MKP-2-/- and MKP-2+/+ mice. There 
was no evidence of an intrinsic T cell defect in MKP-2-/- mice as splenocytes from infected 
MKP-2-/- and MKP-2+/+ mice produced similar levels of IFN-γ upon stimulation with anti-CD3 
(Figure 7C). 
The growth of L. mexicana is subject to different immunological controls at different 
sites. The non-healing response to L. mexicana in infected footpads is associated with deficient 
IFN-γ production, independent of a Th2 response, whereas in the back rump the host response to 
infection is entirely Th2 dependent [24]. Consequently, we monitored the growth of L. mexicana 
in the shaven back rump of MKP-2-/- and MKP-2+/+ mice (Figure 8). Lesions appeared earlier and 
lesion growth was more rapid in MKP-2-/- mice (Figure 8A). The increased susceptibility of 
MKP-2-/- mice over wild-type animals was associated with  expanded Th2 responses in these 
animals as measured by significantly increased specific IgG1 production (Figure 8B) and 
increased ConA induced splenocyte IL-4 (Figure 8D) and IL-13 (Figure 8E) production. At the 
same time there were no significant differences between infected MKP-2-/- and MKP-2+/+ in IFN-
γ production (Figure 8C) and specific IgG2a levels (Figure 8B). As with footpad infections there 
was no indication of an intrinsic T cell defect as measured by anti-CD3 splenocyte cytokine 
production (results not shown).  
 
MKP-2 deficient bone marrow-derived macrophages have impaired ability to control the 
growth of L. mexicana 
To confirm that the intrinsic defect in infectivity was at the level of the host macrophage we 
therefore compared the growth of L. mexicana parasites in MKP-2-/- and MKP-2+/+ bone marrow 
derived macrophages.  Macrophages were infected with promastigotes at a multiplicity of 
infection (M.O.I) of 5 parasites/macrophage and growth monitored at 4, 24, 48 and 72 h post-
infection in resting as well as LPS+IFN-γ stimulated macrophages (Figure 9). Macrophages from 
MKP-2-/- mice were significantly more permissive to infection than MKP-2+/+ macrophages as 
measured by the percentage of cells infected by 4 h (p<0.01) (Figure 9A). Similarly, parasite 
growth was significantly enhanced in MKP2-/- macrophages compared with MKP-2+/+ 
macrophages under non-stimulated conditions up to 72 h post-infection (Figure 9B). MKP-2-/- 
macrophages were, however, able to control parasite growth following LPS+IFN-γ stimulation 
although only to a level comparable with non-stimulated macrophages derived from MKP-2+/+ 
bone marrow.  This would be consistent with data in figure 5 showing that after 48 h there is 
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measurable iNOS expressed in MKP-2-/- KO macrophages in response to LPS although much 
less than in MKP-2+/+ macrophages.  
 
L-arginine inhibition reverses the effect of MKP-2 deficiency on parasite growth.  
Figure 10 shows the effect upon NO production and parasite infection following the treatment 
with the arginase inhibitor Nω-hydroxy-nor-Arginine (nor-NOHA).  Initially, we assessed NO 
release to confirm that arginase inhibition had been effective in altering, as predicted, the levels 
of NO in macrophages (Panel A).  In LPS+IFN-γ -stimulated MKP-2-/- macrophages NO levels 
were, as predicted, low, however following nor-NOHA treatment, levels increased significantly 
equivalent to the level observed for wild type macrophages.  In addition, treatment of MKP-2+/+ 
macrophages with nor-NOHA failed to significantly increase the levels of NO further.   When 
assessing parasite growth in MKP-2-/- and MKP-2+/+ macrophages following nor-NOHA pre-
treatment we found that changes in arginase activity altered infectivity (Panel B).   In MKP-2-/- 
macrophages, infectivity was high relative to wild type as expected.   However, infectivity was 
significantly reduced in response to nor-NOHA, to a level which was not significantly different 
from MKP-2+/+ macrophages.  Inhibition of NO using L-NAME also increased the infectivity of 
the parasite in MKP-2+/+ macrophages suggesting NO is a determinant of macrophage resistance 
to infectivity with L. Mexicana promastigotes.  Furthermore, L-NAME treatment of infected 
MKP-2-/- macrophages resulted in rapid macrophage destruction and release of parasites (>90%) 
making it impossible to quantify changes in infectivity.  This finding nevertheless re-enforced 
the idea of increased sensitivity of MKP-2-/- macrophages to infection per se. 
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Discussion 
This study demonstrates for the first time a novel immune function for MKP-2 in vivo primarily 
caused by changes in the ability of macrophages to induce innate immune responses.  In 
particular, MKP-2 deletion gives rise to a novel phenotype associated with decreased iNOS and 
increased arginase-1 activity which makes MKP-2 deficient macrophages more intrinsically 
susceptible to infection with the intracellular parasite L. mexicana.  Infection of MKP-2 deficient 
mice not only results in increased disease susceptibility and parasite growth in vivo compared to 
their wild-type counterparts but it is also associated with either inhibition of a Th1 response or 
promotion of a Th2 response appropriate to enhance infection at the site utilised.  
In characterising the novel MKP-2-/- model, we clearly demonstrate that following 
gene deletion JNK phosphorylation and activity was enhanced.  This is consistent with the 
original studies in vitro [11] and more recent studies using either stable or conditional expression 
of MKP-2 [13,14].  ERK activation was, however, not enhanced in MKP-2-/- macrophages 
despite being a substrate for MKP-2, due to compartmentalisation of ERK to the cytosol, 
generating a substrate selective function for MKP-2 in this cell type.  Unexpectedly, we found 
that phosphorylation of p38 MAP kinase was also enhanced despite this kinase not being 
susceptible to dephosphorylation by MKP-2 in vitro.  A recent cellular study, however, has 
indirectly implicated involvement of MKP-2 in regulating AMP kinase and p38 MAP kinase-
dependent gluconeogenesis [25] and our findings support this data.  Our data show that 
predictions based on in vitro data can be misleading and indeed study of other MKP deletion 
mice also shows discordance between substrate specificity in vitro and kinase regulation in 
whole cells. Whilst MKP-1 is effective against all three major MAP kinases, enhanced p38 MAP 
kinase is observed in MKP-1-/- macrophages [26], whilst in cells derived from PAC-1 knockout 
mice, ERK phosphorylation is inhibited despite ERK being a specific substrate for PAC-1 in 
vitro [6]. 
Our studies demonstrated that enhanced JNK and p38 MAP kinase activation where 
reflected at the level of cytokine synthesis.  Evidence strongly supports a role for p38 MAP 
kinase in the expression of IL-6, TNF-α and IL-12 [27,28,29].   In contrast, a role for JNK is less 
well defined and cell type specific involvement is implicated [27,29].  Our studies also correlate 
well with those obtained with the MKP-1 deletion which implicates p38 MAP kinase as the main 
in vivo substrate for MKP-1 and shows this kinase to be linked to cytokine release [26,30].  This 
would suggest that MKP-2 deletion, in a manner similar to MKP-1 [26,30] could enhance innate 
immune responses in vitro and also possibly in vivo.   
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This possibility was contradicted by other findings.  Whilst we found up regulation of COX-2 
and associated PGE2 in MKP-2 deletion mice, results also observed in MKP-1 deletion mice, 
surprisingly expression of iNOS was ablated.  Studies show that iNOS expression is enhanced 
following MKP-1 deletion in vitro [31] and associated with increased mortality in vivo [32].  
This suggests the potential for MKP-2 deletion, unlike ablation of MKP-1, to protect against NO 
induced mortality.  Furthermore, we find that basal arginase 1 expression and associated arginase 
activity is markedly increased in MKP-2 deletion mice, a response which would also mediate a 
reduction in NO formation, this is again different to the findings in MKP-1-/- macrophages [31].  
The molecular mechanisms underpinning the reciprocal regulation of these two inflammatory 
proteins are at present unclear, as none of the cognate signalling pathways regulating iNOS or 
arginase induction were found to be negatively affected.  Thus, there is a potential for a direct 
action of MKP-2 within the nucleus which may directly regulate transcription.  Recently, MKP-1 
has been implicated in the regulation of histone phosphorylation in the nucleus [33] suggesting 
nuclear functions for the MKPs other than direct MAP kinase regulation.    
Overall our studies in vitro therefore reveal that in the absence of MKP-2 
macrophages take on a functional profile which can be directed towards either a type-1 or type-2 
phenotype.   Our in vivo studies enabled us to demonstrate which of these profiles predominate 
in vivo.  Leishmania infection has a well recognized ability to subvert the development of Th1 
responses partly via effects upon MAP kinase signalling [17,20,34].  Most of these studies have 
implicated MAP kinase involvement at the level of the host macrophage or dendritic cell, but 
JNK activation via T cells has also been shown to negatively regulate Th2 cells [34] in a healing 
response.   Therefore, we hypothesised, given the enhanced p38 and JNK activation of MPK-2-/- 
mice on the C57BL/6 background, that such animals would develop a healing phenotype against 
this organism. MKP-2 negatively regulated IL-12, IL-6 and TNF-α expression and positively 
regulates IL-10 confirming this hypothesis.  Currently iNOS induction and the subsequent 
release of NO is considered protective against intracellular infection with many organisms 
including Leishmania species [19].  In addition, arginase-1, which competes for the same 
substrate as iNOS, has been shown to promote disease progression not only against Leishmania 
(in both healing and non-healing strains of mice [18]), but also Mycobacterium and Toxoplasma 
gondii [35]. As MKP-2 deficiency downregulates iNOS, but up-regulates arginase-1 expression 
and activity this suggests that, counter intuitively, MKP-2-/- animals would be more susceptible 
to Leishmania infection.    
Our studies indeed show that MKP2-/- mice are, in fact, more susceptible to infection 
with L. mexicana and it is the consequence of changes in iNOS and arginase rather than changes 
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in kinase mediated inflammatory cytokine signalling which dictates the subsequent in vivo 
response to MKP-2 deletion.  The differential effects of Leishmania infection in MKP-2-/- 
macrophages relative to MKP-2+/+ is not due to Leishmania interacting with the cell in a different 
way to LPS, both agents utilised TLR-4 during the early stages of stimulation.  Furthermore, the 
fact that Leishmania mexicana alone does not induce MKP-2 points to another potentially 
indirect effect of MKP-2 deletion not linked to changes in kinase activity.   Nevertheless, 
following footpad infection with L. mexicana, lesion growth was increased and parasite burden 
enhanced, outcomes associated with reduced IFN-γ production. Of significance it has recently 
been demonstrated that during L. major infections high local arginase levels at the site of 
infection mediate L-arginine depletion, which results in impaired local CD4+ T cell function 
particularly IFN-γ production [21,22].  The importance of arginase in modulating the virulence 
of L. mexicana is also highlighted by the fact that arginase null-mutant L. mexicana has 
attenuated virulence in vitro and in vivo suggesting that the parasite arginase depletes host L-
arginine available for iNOS activity [36,37]. Significantly, mice infected in the footpad with 
arginase null-mutant L. mexicana have increased antigen induced IFN-γ production.   Thus 
changes in arginase-1 expression in MKP-2-/- macrophage can be easily linked to observed 
changes in infectivity and immune responses.  
  Our study is one of the first to reveal an in vivo function for MKP-2 and indicates that 
MKP-2 does not act as a surrogate to the more extensively studied MKP-1.  Our results reveal 
the potential of MKP-2 to participate in opposing regulatory mechanisms.  The first mechanism 
is based on upregulation of JNK and p38 MAP kinase signalling and is associated with enhanced 
cytokine expression.  The second regulatory mechanism however, involves changes in iNOS and 
arginase-1 expression, associated with the alternative activated macrophage pathway, is not 
readily associated with modulation in kinase signalling but possibly involves a different 
molecular target.   The in vivo consequences of this second action can be clearly seen during 
Leishmania infection where there is down-regulation of Th1 and/or up-regulation of Th2 
responses, distinguishing MKP-2 from any of the other MKPs believed to play a role in immune 
function.    
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Materials and Methods 
 
Ethics Statement  
All animal procedures conformed to guidelines from The Home Office of the UK government. 
All work was covered by two Home Office licences: PPL60/3929, “mechanism of control of 
parasite infection” and PPL60/3439, “genetic models of cancer and inflammation”. 
 
Materials 
Dulbecco’s modified Eagle’s medium and foetal calf serum (FCS) were purchased from 
Invitrogen. RPMI 164 and LPS were from Sigma Aldrich.  Antibodies against p-ERK, and 
MKP-2 were obtained from Santa Cruz.  All other phospho-antibodies were purchased from 
Biosource International Inc. (USA) and secondary antibodies from Jackson Immuno Research 
Laboratories Inc (PA, USA).  The TLR-4 deficient mice were obtained from Professor Akira S. 
Osaka University, Japan. 
 
Methods 
Generation of MKP-2 deficient mice 
The deletion of the MKP-2 gene was performed in collaboration with Genoway, Lyon, France 
using standard procedures. The short arm and the long arm flanking both side of the cluster of 
exon 2-4 of the mouse MKP-2 gene was obtained by PCR using the following primers: for the 
small homology arm: 5’-GTGCCTGGTTCTGTGTGTGTCTGTTCTCC-3’ for the forward 
primer and 5’-TCTTACAGCCCTCTTTCCTCACGGTCG-3’ for the reverse primer producing a 
PCR fragment of 3009bp. For the long homology arm: 5’-
CTTTAGGAGCGACGGCCAGGAACACAGG-3’for the forward primer and 5’-
ACCCTGCCACACAGGTTGGAGCAAGG-3’ for the reverse primer producing a PCR 
fragment of 6336bp. Both arms were introduced into a PBS vector in either side of the neomycin 
cassette. The final vector was transfected into 129Sv mouse embryonic stem cell. Selection was 
made to select only the clones which had homologous recombination events first by PCR and 
then using Southern blotting for the short and the long arm on the construct. Male chimeras were 
obtained and crossed with C57Bl/6 female to obtain the F1 generation. The F1 generation was 
screened for germ line transmission of the mutation. Heterozygous mice were backcrossed 
against C57Bl/6 and genotyped using Southern blotting and PCR.  
 
Generation of mouse macrophages 
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Bone marrow derived macrophages were isolated from femurs of 3 months old MKP-2-/- or +/+ 
mice and grown in DMEM, containing 20% (v/v) heat-inactivated FCS supplemented and 30% L 
cell-conditioned medium supplemented with 5mM L-Glutamine, 100U/ml penicillin, 1µg/ml 
streptomycin. Adherent cells were harvested and then seeded in either 12 well (1x 106 cells/ml) 
or 96 well (2 x 106 or 2x105 cells/ml) plates with RPMI 1641 supplemented with 10% FCS.  
 
Western blotting 
Proteins (15 µg per lane) were separated by 10% SDS-PAGE and transferred onto nitrocellulose. 
The membranes were blocked for non-specific binding for 2 h in 2% BSA (w/v) diluted in 
NATT buffer 50mM Tris-HCl, 150mM NaCl, 0.2% (v/v) Tween-20. The blots were then 
incubated overnight with 50ng/ml primary antibody diluted in 0.2% BSA (w/v) in NATT buffer. 
The blots were washed with NATT buffer for 90 min and incubated with HRP-conjugated 
secondary antibody (20ng/ml in 0.2% BSA (w/v) diluted in NaTT buffer) for 2 h. After a further 
90 min wash, the blots were subjected to ECL reagent and exposed to Kodak X-ray film. 
 
Leishmania mexicana Parasites and Infection Model 
L. mexicana (MYNC/BZ/62/M379) was maintained by serial passage of amastigotes inoculated 
into the shaven rumps of BALB/c mice. Infections were initiated using stationary phase 
promastigotes grown in TC100 insect medium (Sigma, St. Louis, USA) supplemented with v/v 
10% FCS (Harlan Sera-Lab Ltd., Crawley).  Promastigotes (5x106 in 25 µl) were inoculated 
subcutaneously into the hind footpad or subcutaneously into the shaven back rump. Female 6-8 
week old MKP-2-/- and MKP-2+/+ mice were used in each experiment. Increase in footpad size 
was measured using a dial gauge micrometer and rumps with a slide gauge micrometer at weekly 
intervals. Parasites were enumerated from lesions as previously described [23]. 
 
Macrophage infection with L. mexicana promastigotes 
One hundred microlitres of bone marrow-derived MKP-2-/- or MKP-2+/+ macrophages (2 × 
106/ml) in  RPMI 1641 supplemented with 10% FCS were added to each well of a 24-well tissue 
culture plate (Techno Plastic Products, Trasadingen, Switzerland) containing round 13-mm cover 
slips. Cells were infected by adding 100 µl L. mexicana stationary phase promastigotes at a 
parasite: host cell ratio of 5: 1 and incubating the cells for 4 h at 33oC The medium was then 
changed to remove unattached parasites and replenished with 100 µl fresh medium or medium 
containing IFN-γ or LPS  alone or in combination.  Cells were fixed in methanol (Banford 
Laboratories, Norden Rochdale, UK) and stained with 10% (v/v) aqueous Giemsa stain (BDH 
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Laboratory Supplies) at 4, 24, 48 and 72 h post infection so that the percentage of cells infected 
and the number of parasites/100 infected macrophages could be determined by microscopy.  To 
inhibit arginase or iNOS activity, cells were pre-treated for 1 h with 50 µM Nω-hydroxy-nor-
Arginine (nor-NOHA, Calbiochem) or 5mM N(G)-nitro-L- arginine methyl ester (L-NAME, 
Sigma), respectively. L. mexicana promastigotes were added at an M.O.I. of 5 and plates were 
incubated at 34 °C. After 48 h, medium was removed, cells fixed with methanol and 
subsequently stained with Giemsa.  Coverslips were mounted onto microscopic glass slides and 
parasite number and infection rate for a total of 200 macrophages per coverslip was assessed 
using a bright field microscope. 
 
Immunological analysis 
ELISA was routinely used for detection of IL-6, IL-12, TNF-α and PGE2 in macrophages and L. 
mexicana specific-IgG1 and -IgG2a and total IgE in the plasma of infected mice as previously 
described [38]. Splenocytes were cultured in 96-well plates as previously described [39] and 
IFN-γ, IL-10, IL-13 and IL-4 production measured by capture ELISA.  
 
Measurement of arginase activity  
Arginase activity was measured using an assay based on a reaction with α-
isonitrosopropiophenon (ISPF). Briefly, macrophages were grown on 24- well plates, exposed to 
agonist as appropriate and harvested in 50 µl lysis buffer (50 mM Tris-HCl, 10 mM MnCl2, 0·1 
% Triton X-100, 5 µg/ml pepstatin A, 5 µg/ml aprotinin, and 5 µg/ml antipain hydrochloride,  
pH 7.4).  Arginine hydrolysis was carried out by incubating cell lysates with 25 µl of 0·5 M L-
arginine (pH 9.7) at 37°C for 60 min. The reaction was terminated by adding 400 µL of an acid 
solution (H2SO4, H3PO4 and H2O in a ratio of 1:3:7 and 25 µL of a 9 % solution of ISPF).  
Samples along with known urea standards were incubated at 95oC for 45 minutes, and then 
allowed to cool for 10 min in the dark. Aliquots were added to wells of a 96 well plate and 
absorbance read at 540nm on a Spectromax 190 plate reader.  
 
NO measurement in cell culture supernatants 
Cell culture medium supernatant was collected and nitrite was analysed as a measure for NO 
production using the Griess reagent. Equal volumes of Griess reagent (1 % (w/v) sulphanilamide/ 
0.1% (w/v) N-(1-naphtyl)ethylenediamine dihydrochloride/ 2.5% (v/v) H3PO4) and cell culture 
supernatant were mixed and incubated at room temperature in the dark for 10 min. Absorbance 
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was read at 540nm on a Spectromax 190 plate reader. Nitrite production was determined using 
NaNO2 as standard. 
 
Statistical analysis 
Statistical significance was determined between groups using the Mann-Whitney U test for 
endpoint antibody titrations, as well as Student’s t-test and one-way ANOVA with Dunnett's post 
test where appropriate. All experiments were performed at least three times with similar findings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 18
References 
 
1. Keyse SM (2008) Dual-specificity MAP kinase phosphatases (MKPs) and cancer. Cancer 
Metastasis Rev 27: 253-261. 
2. Wu JJ, Roth RJ, Anderson EJ, Hong EG, Lee MK, et al. (2006) Mice lacking MAP 
kinase phosphatase-1 have enhanced MAP kinase activity and resistance to diet-induced 
obesity. Cell Metab 4: 61-73. 
3. Xu H, Yang Q, Shen M, Huang X, Dembski M, et al. (2005) Dual specificity MAPK 
phosphatase 3 activates PEPCK gene transcription and increases gluconeogenesis in rat 
hepatoma cells. J Biol Chem 280: 36013-36018. 
4. Hammer M, Mages J, Dietrich H, Servatius A, Howells N, et al. (2006) Dual specificity 
phosphatase 1 (DUSP1) regulates a subset of LPS-induced genes and protects mice from 
lethal endotoxin shock. J Exp Med 203: 15-20. 
5. Zhao Q, Wang X, Nelin LD, Yao Y, Matta R, et al. (2006) MAP kinase phosphatase 1 
controls innate immune responses and suppresses endotoxic shock. J Exp Med 203: 131-
140. 
6. Jeffrey KL, Brummer T, Rolph MS, Liu SM, Callejas NA, et al. (2006) Positive 
regulation of immune cell function and inflammatory responses by phosphatase PAC-1. 
Nat Immunol 7: 274-283. 
7. Zhang Y, Blattman JN, Kennedy NJ, Duong J, Nguyen T, et al. (2004) Regulation of 
innate and adaptive immune responses by MAP kinase phosphatase 5. Nature 430: 793-
797. 
8. Furst R, Schroeder T, Eilken HM, Bubik MF, Kiemer AK, et al. (2007) MAPK 
phosphatase-1 represents a novel anti-inflammatory target of glucocorticoids in the human 
endothelium. Faseb J 21: 74-80. 
9. Misra-Press A, Rim CS, Yao H, Roberson MS, Stork PJ (1995) A novel mitogen-
activated protein kinase phosphatase. Structure, expression, and regulation. J Biol Chem 
270: 14587-14596. 
10. Sloss CM, Cadalbert L, Finn SG, Fuller SJ, Plevin R (2005) Disruption of two putative 
nuclear localization sequences is required for cytosolic localization of mitogen-activated 
protein kinase phosphatase-2. Cell Signal 17: 709-716. 
11. Chu Y, Solski PA, Khosravi-Far R, Der CJ, Kelly K (1996) The mitogen-activated 
protein kinase phosphatases PAC1, MKP-1, and MKP-2 have unique substrate specificities 
and reduced activity in vivo toward the ERK2 sevenmaker mutation. J Biol Chem 271: 
6497-6501. 
12. Chen P, Hutter D, Yang X, Gorospe M, Davis RJ, et al. (2001) Discordance between the 
binding affinity of mitogen-activated protein kinase subfamily members for MAP kinase 
phosphatase-2 and their ability to activate the phosphatase catalytically. J Biol Chem 276: 
29440-29449. 
13. Cadalbert L, Sloss CM, Cameron P, Plevin R (2005) Conditional expression of MAP 
kinase phosphatase-2 protects against genotoxic stress-induced apoptosis by binding and 
selective dephosphorylation of nuclear activated c-jun N-terminal kinase. Cell Signal 17: 
1254-1264. 
14. Robinson CJ, Sloss CM, Plevin R (2001) Inactivation of JNK activity by mitogen-
activated protein kinase phosphatase-2 in EAhy926 endothelial cells is dependent upon 
agonist-specific JNK translocation to the nucleus. Cell Signal 13: 29-41. 
15. Tresini M, Lorenzini A, Torres C, Cristofalo VJ (2007) Modulation of replicative 
senescence of diploid human cells by nuclear ERK signaling. J Biol Chem 282: 4136-4151. 
 19
16. Sieben NL, Oosting J, Flanagan AM, Prat J, Roemen GM, et al. (2005) Differential gene 
expression in ovarian tumors reveals Dusp 4 and Serpina 5 as key regulators for benign 
behavior of serous borderline tumors. J Clin Oncol 23: 7257-7264. 
17. Forget G, Gregory DJ, Whitcombe LA, Olivier M (2006) Role of host protein tyrosine 
phosphatase SHP-1 in Leishmania donovani-induced inhibition of nitric oxide production. 
Infect Immun 74: 6272-6279. 
18. Naderer T, McConville MJ (2008) The Leishmania-macrophage interaction: a 
metabolic perspective. Cell Microbiol 10: 301-308. 
19. Wei XQ, Charles IG, Smith A, Ure J, Feng GJ, et al. (1995) Altered immune responses 
in mice lacking inducible nitric oxide synthase. Nature 375: 408-411. 
20. Yang Z, Mosser DM, Zhang X (2007) Activation of the MAPK, ERK, following 
Leishmania amazonensis infection of macrophages. J Immunol 178: 1077-1085. 
21. Modolell M, Choi BS, Ryan RO, Hancock M, Titus RG, et al. (2009) Local suppression 
of T cell responses by arginase-induced L-arginine depletion in nonhealing leishmaniasis. 
PLoS Negl Trop Dis 3: e480. 
22. Munder M, Mollinedo F, Calafat J, Canchado J, Gil-Lamaignere C, et al. (2005) 
Arginase I is constitutively expressed in human granulocytes and participates in fungicidal 
activity. Blood 105: 2549-2556. 
23. Buxbaum LU, Denise H, Coombs GH, Alexander J, Mottram JC, et al. (2003) Cysteine 
protease B of Leishmania mexicana inhibits host Th1 responses and protective immunity. J 
Immunol 171: 3711-3717. 
24. McMahon-Pratt D, Alexander J (2004) Does the Leishmania major paradigm of 
pathogenesis and protection hold for New World cutaneous leishmaniases or the visceral 
disease? Immunol Rev 201: 206-224. 
25. Berasi SP, Huard C, Li D, Shih HH, Sun Y, et al. (2006) Inhibition of Gluconeogenesis 
through Transcriptional Activation of EGR1 and DUSP4 by AMP-activated Kinase. J Biol 
Chem 281: 27167-27177. 
26. Salojin KV, Owusu IB, Millerchip KA, Potter M, Platt KA, et al. (2006) Essential role 
of MAPK phosphatase-1 in the negative control of innate immune responses. J Immunol 
176: 1899-1907. 
27. Fiebich BL, Akundi RS, Biber K, Hamke M, Schmidt C, et al. (2005) IL-6 expression 
induced by adenosine A2b receptor stimulation in U373 MG cells depends on p38 mitogen 
activated kinase and protein kinase C. Neurochem Int 46: 501-512. 
28. Guo X, Gerl RE, Schrader JW (2003) Defining the involvement of p38alpha MAPK in 
the production of anti- and proinflammatory cytokines using an SB 203580-resistant form 
of the kinase. J Biol Chem 278: 22237-22242. 
29. Krause A, Holtmann H, Eickemeier S, Winzen R, Szamel M, et al. (1998) Stress-
activated protein kinase/Jun N-terminal kinase is required for interleukin (IL)-1-induced 
IL-6 and IL-8 gene expression in the human epidermal carcinoma cell line KB. J Biol 
Chem 273: 23681-23689. 
30. Chi H, Barry SP, Roth RJ, Wu JJ, Jones EA, et al. (2006) Dynamic regulation of pro- 
and anti-inflammatory cytokines by MAPK phosphatase 1 (MKP-1) in innate immune 
responses. Proc Natl Acad Sci U S A 103: 2274-2279. 
31. Nelin LD, Wang X, Zhao Q, Chicoine LG, Young TL, et al. (2007) MKP-1 switches 
arginine metabolism from nitric oxide synthase to arginase following endotoxin challenge. 
Am J Physiol Cell Physiol 293: C632-640. 
32. Wang X, Meng X, Kuhlman JR, Nelin LD, Nicol KK, et al. (2007) Knockout of Mkp-1 
enhances the host inflammatory responses to gram-positive bacteria. J Immunol 178: 5312-
5320. 
 20
33. Kinney CM, Chandrasekharan UM, Yang L, Shen J, Kinter M, et al. (2009) Histone H3 
as a novel substrate for MAP kinase phosphatase-1. Am J Physiol Cell Physiol 296: C242-
249. 
34. Constant SL, Dong C, Yang DD, Wysk M, Davis RJ, et al. (2000) JNK1 is required for 
T cell-mediated immunity against Leishmania major infection. J Immunol 165: 2671-2676. 
35. El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, et al. (2008) Toll-like 
receptor-induced arginase 1 in macrophages thwarts effective immunity against 
intracellular pathogens. Nat Immunol 9: 1399-1406. 
36. Gaur U, Roberts SC, Dalvi RP, Corraliza I, Ullman B, et al. (2007) An effect of 
parasite-encoded arginase on the outcome of murine cutaneous leishmaniasis. J Immunol 
179: 8446-8453. 
37. Roberts SC, Tancer MJ, Polinsky MR, Gibson KM, Heby O, et al. (2004) Arginase 
plays a pivotal role in polyamine precursor metabolism in Leishmania. Characterization of 
gene deletion mutants. J Biol Chem 279: 23668-23678. 
38. Satoskar A, Brombacher F, Dai WJ, McInnes I, Liew FY, et al. (1997) SCID mice 
reconstituted with IL-4-deficient lymphocytes, but not immunocompetent lymphocytes, are 
resistant to cutaneous leishmaniasis. J Immunol 159: 5005-5013. 
39. Pollock KG, Conacher M, Wei XQ, Alexander J, Brewer JM (2003) Interleukin-18 
plays a role in both the alum-induced T helper 2 response and the T helper 1 response 
induced by alum-adsorbed interleukin-12. Immunology 108: 137-143. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 21
 
 
Figure Legends 
 
Figure 1.  Generation of mice lacking DUSP4/MKP-2 gene by targeted homologous 
recombination  
(Panel A): Schematic showing the DUSP4/MKP-2 gene locus, the targeted construct and the 
resulting targeted allele. Recombination events are indicated by dashed lines and show the 
replacement of an 8.3kb SwaI DUSP4/MKP-2 genomic fragment containing exons 2-4 by the 
PGK-Neo cassette. SwaI and HpaI described the restriction sites for the respective enzymes. The 
pGK-Neo cassette is flanked by LoxP sites. DTA represents the negative selection cassette. 
(Inset) An example of the 3’ southern blot analysis of mouse tail tip genomic DNA following 
digestion with HpaI using an external Probe K as indicated in panel A. The autoradiography 
revealed the 9.9kb (wild type) and 8.3kb (targeted) fragments representing the two different 
alleles discriminating wild type, heterozygote or homozygote mutant animals. B & C: 
Concentration (LPS µg/ml for 60 min) and time dependent (LPS 100ng/ml) expression of MKP-
2 in bone marrow derived macrophages. The blot represents at least 4 individual experiments. 
 
Figure 2.  MKP-2 deletion enhances LPS -stimulated MAP kinase phosphorylation in 
macrophages. 
Cells were incubated with LPS (100ng/ml) for the indicated time and whole cell lysates were 
prepared, and assessed for JNK (Panel A), p38 MAP kinase (Panel B) or ERK (Panel C) 
phosphorylation or total levels by Western blotting as outlined in the Methods section. Each blot 
is representative of 4 individual experiments.  * P<0.05 relative to MKP-2+/+ macrophages. 
 
Figure 3.  Cytokine production in macrophages derived from MKP-2-/- mice. 
Cells were stimulated with LPS (100ng/ml) for the indicated times and supernatants assessed for 
either IL-6 (panel A), IL-12 (Panel B), TNF-α (Panel C) or IL-10 (Panel D) as outlined in the 
Methods section.  Each value represents the mean ± SEM from at least 4 individual experiments. 
* P<0.05 compared to MKP-2 +/+ macrophages. 
 
Figure 4.  Differential effects of MKP-2 deletion upon COX-2, iNOS and Arginase-1 
expression in LPS-stimulated macrophages  
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Cells were stimulated with LPS (100ng/ml) for the indicated times and whole cell lysates were 
prepared, and assessed for COX-2 (Panel A), iNOS (Panel B) and Arginase-1 (Panel C) by 
Western blotting as outlined in Materials and Methods.  Blot is representative of three individual 
experiments. Samples were assessed for associated PGE2 histogram (D), Nitrite (E) and arginase 
activity (F).   
 
Figure 5.  Macrophage activation by Leishmania mexicana 
In Panel A macrophages from wild type (WT) and TLR-4 deletion mice (TLR-4-/-) were 
incubated with LPS (100ng/ml) or promastigotes (5:1) for 30 min.  In panels B and C, MKP-2+/+ 
macrophages (+/+) and MKP-2-/- (-/-) were stimulated with promastigotes for the times indicated.  
In Panel D cells were incubated promatigotes alone or in combination with LPS for 48 h. 
Samples were assessed for ERK, JNK and p38 MAP kinase phosphorylation or iNOS expression 
as indicated.  Each blot is representative of three individual experiments.  
 
Figure 6.  MKP-2 deficiency increases susceptibility to L. mexicana infection in the footpad.  
Infection was with 5x106 L. mexicana stationary phase promastigotes into the footpad and 
susceptibility was measured by mean ± SEM lesion growth (Panel A), and parasite burdens 
(***p<0.001) (Panel B). MKP-2-/- (n=8), unlike MKP-2+/+ mice (n=7) were unable to control 
lesion growth (Panel A) and this was reflected in the comparative parasite burdens (Panel B) in 
the footpad. Representative results from 3 similar experiments. 
 
Figure 7.  MKP-2 deficiency results in a limited Th1 response following footpad infection 
with L. mexicana. 
Th1 responses were measured by specific serum IgG2a antibody (*p<0.05) (Panel A), and 
antigen induced splenocyte IFN-γ production (**p<0.01) (Panel B). Results are expressed as 
mean ± SEM of MKP-2-/- (n=8) and MKP-2+/+ (n=7) mice. MKP-2 deficiency did not directly 
impair the ability of T cells to mount a Th1 response as anti-CD3 stimulation of splenocytes 
from both infected and non-infected MKP-2+/+ and MKP-2-/- mice induced similar IFN-γ 
production (Panel C). Representative results from 3 similar experiments.  
 
Figure 8.  MKP-2 deficiency results in increased susceptibility and an enhanced Th2 
response following infection in the rump with L. mexicana. 
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Lesions developed quicker and were of greater size in MKP-2-/- (n=6) mice compared with 
MKP-2+/+ (n=6) mice (Panel A). Enhanced Th2 responses in MKP-2-/- mice were measured by 
increased specific serum IgG1 antibody production compared with wild-type counterparts 
(**p<0.01) (Panel  B).  In addition while ConA induced splenocyte IFN-γ production was similar 
in MKP2-/- and MKP-2+/+ mice (Panel C), IL-4 (*p<0.05) (Panel D) and IL-13 (***p<0.001) 
(Panel E) levels were significantly elevated in MKP-2-/- animals. Results are expressed as mean ± 
SEM of MKP-2-/- and MKP-2+/+ mice.  
 
Figure 9. MKP-2 deficiency results in impaired ability of macrophages to control L. 
mexicana infection.  
Both the percentage of infected macrophages (p<0.005) (Panel A) and the numbers of 
parasites/infected macrophage (p<0.01) (Panel B) were significantly greater in non-stimulated 
bone marrow derived-macrophages from MKP2-/- donors compared with MKP-2+/+ mice by 72 h 
post-infection. While stimulation with 100ng LPS + 100U IFN-γ significantly inhibited both the 
percentage (Panel A) of infected macrophages and the mean number of parasites/infected 
macrophage (Panel B) in the cultures derived from MKP-2-/- mice compared with non-stimulated 
MKP-2-/- macrophages this was only to levels comparable with those found in non-stimulated 
macrophages from MKP-2+/+ mice at 72 h post-infection. Each figure represents 3 experiments 
(mean ± SEM of triplicate determinations).  
 
Figure 10. Arginase inhibition reverses the susceptibility of MKP-2-/- macrophages to 
control L. mexicana infection. 
Macrophages were pre-treated with or without inhibitors for 60 min as indicated prior to 
activation with LPS (100ng/ml) plus IFN-γ (100U/ml) and samples assayed for NO after 48 h 
(Panel A).  In panel B following treatment with inhibitors macrophages were incubated with 
L. mexicana promastigotes (5:1) and survival measured after 48 h as outlined in the Material and 
Methods section.  Data is displayed as a composite of the number of parasites per cell and the 
percentage of infected cells.  Results are expressed as mean ± SEM. *P<0.05 compared to 
vehicle treated cells (RPMI).   
 
Figure S1: MKP-2 deletion enhances LPS-stimulated JNK activation and c-Jun 
phosphorylation in mouse bone marrow macrophages.   
Macrophages from MKP-2+/+ (open bars) and MKP-2-/- (closed bars) mice were incubated with 
LPS (100ng/ml) for the indicated times and whole cell lysates prepared and assessed for JNK 
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activity by in vitro kinase assay (Panel A) and p-c-Jun and c-Jun content (Panel B) by Western 
blotting. Each blot is representative of at three individual experiments. Each quantified value is 
expressed as mean ± SEM.  
 
Figure S2: IFN-γ -stimulated iNOS induction is severely ablated in MKP-2 deficient 
macrophages but not due to JAK/STAT pathway disruption.  
Macrophages from MKP-2+/+ (+/+) or MKP-2-/- (-/-) mice were challenged with IFN-γ for the 
indicated times.  iNOS expression (Panel A) and phosphorylation of JAK (Panel B) and STAT 
(Panel C) were assessed by Western blotting.  Each blot is representative of at three individual 
experiments. Each quantified value is expressed as mean ± SEM.  
 










